Psychosocial stress is associated with altered immune function and development of psychological disorders including anxiety and depression. Here we show that repeated social defeat in mice increased c-Fos staining in brain regions associated with fear and threat appraisal and promoted anxiety-like behavior in a ␤-adrenergic receptor-dependent manner. Repeated social defeat also significantly increased the number of CD11b
Introduction
Psychosocial stressors activate neuroendocrine pathways to release catecholamines, glucocorticoids, and cytokines. These stressor-induced pathways have a profound influence on behavior, immunity, and physiology in both humans and rodents (Blanchard et al., 2001; Kiecolt-Glaser and Glaser, 2002; Kinsey et al., 2007; Cole et al., 2010) . For example, repeated social defeat in mice promotes anxiety-like behavior (Kinsey et al., 2007; Krishnan et al., 2007) and alters immune responses to viral and bacterial challenges Mays et al., 2010) . These immune changes are related to a decreased sensitivity of peripheral myeloid cells (CD11b ϩ ) to glucocorticoid (GC) antiinflammatory feedback . Moreover, social defeat promotes trafficking of these GC-resistant CD11b ϩ cells from the bone marrow to the spleen and lung (Engler et al., 2004; Curry et al., 2010) . The GC-resistant CD11b ϩ cells from socially defeated mice are more inflammatory with increased production of the inflammatory cytokines, interleukin (IL)-6, tumor necrosis factor (TNF)-␣, and IL-1␤ following antigen stimulation Avitsur et al., 2003; Bailey et al., 2009 ). The increased inflammatory profile and GC-insensitivity of these myeloid cells may be driven by IL-1␤. In support of this premise, CD11b ϩ cells from mice lacking interleukin-1 receptor type-1 (IL-1r1 Ϫ/Ϫ ) do not develop GC-resistance following repeated social defeat (Engler et al., 2008) . Although these findings indicate that repeated social defeat increases the proinflammatory profile of peripheral CD11b ϩ cells, the degree to which repeated social defeat affects the inflammatory profile of resident CD11b ϩ cells of the CNS is unknown. This is relevant because CNS macrophages and microglia are CD11b ϩ cells that play a pivotal role in interpreting and propagating inflammatory signals in the brain (Nguyen et al., 2002; Davalos et al., 2005; Nimmerjahn et al., 2005) . For example, several stressors including inescapable shock (Frank et al., 2007) and restraint stress (Nair and Bonneau, 2006; Tynan et al., 2010) enhance the inflammatory profile of microglia. The pathway by which microglia and macrophages are activated by stress is un-clear. It is plausible, however, that activation of ␤-adrenergic receptors during stress enhances inflammation within the CNS by increasing the expression of IL-1␤ (Johnson et al., 2008; McNamee et al., 2010) . Moreover, repeated social defeat promotes a similar pattern of inflammation and ␤-adrenergic receptor-mediated-gene expression (e.g., GATA1) in the cortex of mice that is consistent with the increased peripheral inflammatory profile detected in humans after prolonged social stress (Cole et al., 2010) .
Therefore, the purpose of this study was to understand how the inflammatory signals that are initiated in response to social defeat are interpreted and propagated in the brain. Our data indicate that repeated social defeat increased c-Fos activation in brain regions associated with threat and fear appraisal and promoted anxiety-like behavior. Social defeat also enhanced the inflammatory profile of CD11b ϩ microglia and macrophages in the brain. The social defeat-induced c-Fos activation, anxiety-like behavior, and neuroinflammation were blocked by ␤-adrenergic receptor antagonism. Last, the absence of a functional IL-1 receptor type-1 ablated the social defeat-induced microglial activation and anxiety-like behavior.
Materials and Methods

Animals
Male C57BL/6 (6 -8 weeks old) and CD-1 (12 months, retired breeders) mice were obtained from Charles River Breeding Laboratories and allowed to acclimate to their surroundings for 7-10 d before experimentation. IL-1r1 Ϫ/Ϫ mice on a C57BL/6 background were a gift from Dr. Ning Quan (Ohio State University, Columbus, OH). C57BL/6 mice were housed in cohorts of three and CD-1 mice were singly housed in 11.5 ϫ 7.5 ϫ 6 inch polypropylene cages. Rooms were maintained at 21°C under a 12:12 h light:dark cycle with ad libitum access to water and rodent chow. Mice were randomly selected for inclusion in experimental treatment groups. In addition, propranolol and vehicle injections were administered throughout cages to avoid any intracage confounds. All procedures were in accordance with the NIH Guidelines for the Care and Use of Laboratory Animals and were approved by the Ohio State University Institutional Laboratory Animal Care and Use Committee.
Social disruption stress
Social disruption stress (SDR) was performed as previously described . In brief, a male intruder CD-1 mouse (12 months retired breeder) was introduced into cages of established male cohorts (three per cage) of C57BL/6 mice for 2 h between 17:00 and 19:00 for 6 consecutive nights. During each cycle, submissive behavior including upright posture, fleeing, and crouching Stark et al., 2001 ) was observed. If the intruder did not initiate an attack within 5-10 min or was attacked by any of the resident mice, then a new intruder was introduced. At the end of the 2 h period, the intruder was removed and the residents were left undisturbed until the following day when the paradigm was repeated. Different intruders were used on consecutive nights. Home-cage control (HCC) mice were also housed in cohorts of three, but were left undisturbed in a separate room. The health status of the mice was determined throughout the experiment. Mice that were injured or moribund were removed from the study. Consistent with previous studies using repeated social defeat , Ͻ5% of mice (15 of 300) met the early removal criteria. Following administration of propranolol, there were no noticeable differences in interactions between the intruder mouse and the subordinate mice compared with vehicle controls.
Experimental protocols
In the first study, adult male C57BL/6 mice were subjected to one or three cycles of social defeat. Mice were deeply anesthetized and transcardially perfused with PBS followed by 4% formaldehyde. Brains were collected, sectioned, and used for c-Fos analysis (n ϭ 3).
In the second study, adult male C57BL/6 mice received a subcutaneous injection of vehicle (0.2% ethanol in sterile saline) or 10 mg/kg propranolol (propranolol hydrochloride; Sigma-Aldrich) before each of the six cycles of social defeat. Propranolol is a lipophilic nonselective ␤-adrenergic receptor antagonist that crosses the blood brain barrier and is active for at least 12 h following peripheral administration (Johnsson and Regàrdh, 1976; Salako et al., 1979) . Immediately following the cessation of the sixth cycle of social defeat, mice were deeply anesthetized and transcardially perfused with PBS followed by 4% formaldehyde. Brains were collected, sectioned, and used for c-Fos analysis (n ϭ 4 -10).
In the third study, adult male C57BL/6 mice were injected subcutaneously with vehicle or propranolol (10 mg/kg) 1 h before each of the six cycles of social defeat. Light/dark preference was determined 14 h after the last cycle of social defeat (n ϭ 10 -16). Mice were killed by CO 2 asphyxiation after the completion of behavioral testing. Spleen weights were determined (n ϭ 7-18). Blood was collected by cardiac puncture with EDTA lined 1 ml syringes. Whole blood was centrifuged, plasma was collected, and IL-6 levels were determined (n ϭ 8 -10).
In the fourth set of studies, adult male (6 -8 week old) C57BL/6 mice were injected subcutaneously with vehicle or propranolol (10 mg/kg) 1 h before each of the six cycles of social defeat. Fourteen hours after the sixth cycle of social defeat, mice were killed by CO 2 asphyxiation and microglia/macrophages were isolated by discontinuous Percoll density gradient. Cells were used for flow cytometric analyses of CD11b, CD45, TLR4, CD14, MHC-II, CD86, and Ly6C expression or for total RNA isolation/ quantitative PCR (IL-1␤, GR, GILZ, and FKBP51) (n ϭ 6 -8). Subsets of mice were transcardially perfused before cell isolation and flow analysis. In a related set of studies, C57BL/6 mice were subjected to six cycles of social defeat and 14 h later were killed. Cells were isolated by discontinuous Percoll density gradient and cultured ex vivo.
In the fifth set of studies, adult male (6 -8 week old) C57BL/6 mice were injected subcutaneously with vehicle or propranolol (10 mg/kg) 1 h before each of the six cycles of social defeat. Fourteen hours after the sixth cycle of social defeat, mice were deeply anesthetized and transcardially perfused with PBS followed by 4% formaldehyde. Brains were collected, sectioned, and used for ionized calcium-binding adapter molecule-1 (Iba-1) analysis (n ϭ 3-4).
In the last set of studies, adult male (6 -8 week old) C57BL/6 wild-type or IL-1r1 Ϫ/Ϫ mice were subjected to repeated social defeat. Fourteen hours after the sixth cycle, light/dark preference was determined. Following behavioral testing, mice were deeply anesthetized, transcardially perfused with PBS followed by 4% formaldehyde, and brains were removed for Iba-1 and c-Fos analyses (n ϭ 4 -5).
c-Fos staining. c-Fos staining was performed as previously described (Trainor et al., 2008) . In brief, brains were collected and fixed in 5% acrolein for 24 h at 4°C, washed, and incubated in 30% sucrose for an additional 24 h. Preserved brains were frozen and then sectioned (40 m) using a Microm HM550 cryostat (Mikron Instruments). The brain regions were identified anatomically by reference markers in accordance with the stereotaxic mouse brain atlas (Paxinos and Franklin, 2004) . Antigens were unmasked with 1% sodium borohydride and sections were blocked with 20% normal goat serum and 0.3% hydrogen peroxide. Next, sections were incubated with a rabbit anti-mouse c-Fos antibody (Calbiochem) with 1% NGS at 4°C overnight. Sections were washed and then incubated with a biotinylated goat anti-rabbit secondary antibody for 2 h. c-Fos staining was developed using the 3,3Ј-diaminobenzidine (DAB) protocol. Sections were placed in porcine gelatin (10%), transferred to slides, and coverslipped. Images were captured using a Nikon Optishot microscope with a Sanyo CCD video camera and the number of c-Fos-positive cells was determined using NIH ImageJ software.
Anxiety-like behavior. Anxiety-like behavior was determined using the light/dark preference test as previously described (Kinsey et al., 2007) . In brief, the test apparatus consisted of a 40 ϫ 40 ϫ 25 cm Plexiglas box that was divided into equal zones (i.e., light and dark zones) with a doorway connecting the two sides. The dark zone was enclosed and had significantly less light (Ͻ3 lux). To initiate testing, mice were placed in the light side and locomotor activity was recorded for 5 min using an automated system (AccuScan Instruments) and analyzed using VersaMap software.
IL-6. IL-6 was determined from plasma using the BD OptEIA Mouse IL-6 ELISA according to the manufacturer's instructions (BD Biosciences). In brief, 96-well enzyme immunoassay plates were coated with anti-mouse IL-6 capture antibody and incubated overnight at 4°C. Samples and IL-6 standards (0 -1000 pg/ml) were added and incubated for 2 h at room temperature (RT). Plates were washed and incubated with biotinylated anti-mouse IL-6 antibody. Plates were washed and incubated with streptavidin-horseradish peroxidase conjugate. After 1 h incubation at RT, plates were washed and incubated with tetramethylbenzidine liquid substrate for 15 min. Reactions were terminated and absorbance was read at 450 nm using a Spectramax Plus 384 plate reader (Molecular Devices). The assay was sensitive to 10 ng/ml IL-6 and the interassay and intra-assay coefficients of variation were Ͻ10%.
Isolation of microglia. Microglia were isolated from whole-brain homogenates as described previously (Henry et al., 2008 (Henry et al., , 2009 Wynne et al., 2010) . In brief, brains were homogenized in HBSS, pH 7.4, by passing through a 70 m nylon cell strainer. Resulting homogenates were centrifuged at 600 ϫ g for 6 min. Supernatants were removed and cell pellets were resuspended in 70% isotonic Percoll (GE Healthcare) at room temperature. A discontinuous Percoll density gradient was layered as follows: 70%, 50%, 35%, and 0% isotonic Percoll. The gradient was centrifuged for 20 min at 2000 ϫ g and microglia were collected from the interphase between the 70% and 50% Percoll layers (Frank et al., 2006a; Nair et al., 2007 ). Cells were washed and then resuspended in sterile HBSS. The number of viable cells was determined using a hemacytometer and 0.1% trypan blue staining. Each brain extraction yielded ϳ3 ϫ 10 5 viable cells. These cells will be referred to as enriched microglia based on previous studies demonstrating that viable cells isolated from brain homogenates through Percoll density gradient yields Ͼ90% microglia (Henry et al., 2009; Wynne et al., 2010) .
Microglial staining and flow cytometry. Staining of microglia surface antigens was performed as previously described (Henry et al., 2008 (Henry et al., , 2009 ). In brief, Fc receptors were blocked with anti-CD16/CD32 antibody (eBioscience). Cells were washed and then incubated with the appropriate conjugated antibodies CD45, CD11b, CD14, TLR4, or CD45, CD11b, CD86, MHC-II or CD45, CD11b (eBioscience), and Ly6C (BD Biosciences) for 45 min. Cells were washed and then resuspended in FACS buffer (2% FBS in HBSS with 1 mg/ml sodium azide) for analysis. Nonspecific binding was assessed by using nonspecific, isotype-matched antibodies. Antigen expression was determined using a Becton-Dickinson FACSCaliber four-color cytometer. Ten thousand events were recorded for each sample and isotype-matched conjugate. Data were analyzed using FlowJo software (Tree Star) and gating for each antibody was determined based on nonspecific binding of appropriate negative isotype stained controls.
Morphological analysis of microglia. To stain for Iba-1, mice were deeply anesthetized and transcardially perfused with sterile PBS (pH 7.4 with EDTA) and 4% formaldehyde. Brains were postfixed in 4% formaldehyde for 24 h and incubated in 20% sucrose for an additional 24 h. Fixed brains were frozen using isopentane (Ϫ78°C) and sectioned (20 m) using a Microm HM550 cryostat (Mikron Instruments). Brain regions were identified by reference markers in accordance with the stereotaxic mouse brain atlas (Paxinos and Franklin, 2004) . Sections were mounted on slides and blocked with 5% normal goat serum. Next, sections were washed in PBS with 1% BSA and incubated with a rabbit anti-mouse Iba-1 antibody (Wako Chemicals). For fluorescent staining, sections were washed in PBS and then incubated with a fluorochromeconjugated secondary antibody (Alexa Fluor 594). Sections were counterstained with a DNA stain, 4Ј,6-diamidino-2-phenylindole. Sections were coverslipped in a 25% glycerol solution and stored at Ϫ20°C. For nonfluorescent Iba-1 staining, brains were prepared and processed as above. Sections were incubated in a biotinylated goat anti-rabbit secondary antibody and developed using the DAB protocol. These sections were coverslipped with Permount (Fischer-Scientific). Fluorescent and DAB stained sections were visualized using an epi-fluorescent Leica DM5000B microscope. Images were captured using a Leica DFC300 FX camera and imaging software. To quantify the phenotypic changes of microglia, digital image analysis (DIA) (Donnelly et al., 2009 ) of Iba-1 staining was performed. Six representative images were taken from each brain region at 20ϫ magnification. A threshold for positive staining was determined for each image and was processed by densitometric scanning of the threshold targets using ImageJ software. Proportional area was reported as the average percentage area in the positive threshold for all representative pictures.
RNA isolation and real-time PCR. RNA was isolated from Percoll-isolated cells using the RNeasy plus mini-kit (Qiagen), RNA concentration was determined by spectrophotometry (Eppendorf), and RNA was reverse transcribed to cDNA using an RT-RETROscript kit (Ambion). Quantitative PCR was performed using the Applied Biosystems Assay-on-Demand Gene Expression protocol as previously described (Godbout et al., 2005) . In brief, cDNA was amplified by real-time PCR where a target cDNA (e.g., IL-1␤, GR, GILZ, and FKBP51) and a reference cDNA (glyceraldehyde-3-phosphate dehydrogenase) were amplified simultaneously using an oligonucleotide probe with a 5Ј fluorescent reporter dye (6-FAM) and a 3Ј quencher dye (NFQ or TAMRA). Fluorescence was determined on an ABI PRISM 7300-sequence detection system (Applied Biosystems). Data were analyzed using the comparative threshold cycle method and results were expressed as fold difference.
Primary microglia cultures and cytokine measurement by cytometric bead array. Microglia collected by Percoll gradient separation were counted and plated at 100,000 cells on poly-L-lysine-coated 96-well plates. Cells were placed in complete RPMI (containing 10% heatinactivated fetal bovine serum, 0.075% sodium bicarbonate, 10 mM HEPES buffer, 100U/ml penicillin G, 100 g/ml streptomycin sulfate, 1.5 nM L-glutamine, and 0.0035% 2-mercaptoethanol) and were stimulated with saline or 0.40 g/ml lipopolysaccharide (LPS; Sigma), vehicle (0.2% ethanol), and 0.10 or 5 M corticosterone (Sigma) for 18 h at 37°C and 5% CO 2 . Supernatants were harvested and the concentration of secreted cytokines (TNF-␣, IL-12p70, IL-10, IFN-␥, MCP-1, and IL-6) were detected using a mouse inflammatory cytokine cytometric bead array (CBA) kit according to the manufacturer's instructions (BD Biosciences). For comparison, data were normalized and presented as the percentage of noncorticosterone-treated cultures from the same treatment group.
Statistical analysis. To ensure a normal distribution, data were subjected to Shapiro-Wilk test using Statistical Analysis Systems (SAS) statistical software. Observations Ͼ3 interquartile ranges from the first and third quartile were considered outliers and were excluded in the subsequent analysis. To determine significant main effects and interactions between main factors, data were analyzed using one-(stress, propranolol), two-(stress ϫ propranolol), or three-way (stress ϫ propranolol ϫ region) ANOVA using the general linear model procedures of SAS. When appropriate, differences between treatment means were evaluated by an F-protected t test using the least-significant difference procedure of SAS. All data are expressed as treatment means Ϯ SEM.
Results
Repeated social defeat-induced c-Fos activation in the CNS was ␤-adrenergic receptor-dependent
Repeated social defeat promotes anxiety-like behavior in random-bred CD-1 and inbred C57BL/6 mice (Kinsey et al., 2007) . To begin to understand how social defeat is interpreted within the CNS, c-Fos immunoreactivity was determined in several brain regions associated with fear and threat appraisal, including the prefrontal cortex (PFC), lateral septum (LS), bed nucleus of stria terminalis (BNST), paraventricular nucleus of the hypothalamus (PVN), medial amygdala (MeA), and hippocampus (HPC) (Kollack-Walker et al., 1997; Martinez et al., 2002; Kovács, 2008) . In the first experiment, C57BL/6 mice were subjected to one or three cycles of social defeat and c-Fos staining was determined. The number of social defeat cycles is significant because it takes at least three repeated exposures to cause glucocorticoid resistance in peripheral CD11b ϩ cells . Representative images of c-Fos staining from the PFC are shown in Figure 1A . Because these brain regions are integrated with catecholaminergic pathways (Ulrich-Lai and Herman, 2009), we next examined the degree to which the nonselective ␤-adrenergic receptor antagonist, propranolol, prevented repeated social defeat-induced c-Fos expression. Although Figure 1 , A and B, shows that c-Fos expression was enhanced after one and three cycles of social defeat, six cycles of social defeat was selected in these propranolol studies because six cycles promotes GC-resistance in peripheral CD11b ϩ cells and induces prolonged anxiety-like behavior Kinsey et al., 2007) . In these studies, C57BL/6 mice were administered vehicle or propranolol before each of the six cycles of social defeat and brains were collected immediately following the sixth cycle of social defeat. Representative images of c-Fos staining from the PFC are shown in Figure 1C . In Figure 1D , the average number of c-Fospositive cells in each brain region is shown. ANOVA revealed that repeated social defeat enhanced c-Fos staining in the brain (main effect of stress, F (1,154) ϭ 22.38, p Ͻ 0.0001) and this increase was dependent on brain region (F (5,154) ϭ 1.98, p ϭ 0.09). Post hoc analysis indicated that repeated social defeat increased c-Fos staining in the PFC (p Ͻ 0.002), LS (p Ͻ 0.002), PVN (p Ͻ 0.0001), and MeA (p Ͻ 0.0001). In the regions examined, c-Fos levels were highest in the PVN and MeA after repeated social defeat, but were unchanged in the HPC and BNST. Moreover, pretreatment with propranolol prevented the stress-induced induction of c-Fos (stress ϫ propranolol interaction, F (1,154) ϭ 22.8, p Ͻ 0.0001) that was detected in the PFC ( pϭ0.07), LS ( pϭ0.08), PVN (p Ͻ 0.0001), and MeA (p Ͻ 0.0001). Collectively, these data indicate that social defeat promoted a unique pattern of c-Fos activation in the brain that was blocked by pretreatment with a ␤-adrenergic receptor antagonist.
Repeated social defeat-induced anxiety-like behavior was prevented by ␤-adrenergic receptor antagonism Because ␤-adrenergic receptor blockade with propranolol reduced c-Fos activation, the affect of propranolol on repeated social defeat-induced anxiety-like behavior was examined. C57BL/6 mice were administered propranolol before each cycle of social defeat and light/dark preference was determined 14 h after the sixth cycle of social defeat. This time point was selected because repeated social defeat-induced anxiety-like behavior was detected in CD-1 and C57BL/6 mice at this time (Kinsey et al., 2007 (Kinsey et al., , 2008 . Figure 2 A shows representative motion plots of the mice in the light/dark preference paradigm. Mice subjected to repeated social defeat entered the dark zone of the testing apparatus faster (17.2 Ϯ 4.9 s) than HCC mice (35.2 Ϯ 6.4 s) (main effect of stress, F (1,45) ϭ 4.37, p Ͻ 0.05) (Fig. 2 B) . Figure 2C shows that repeated social defeat caused a marked increase in the time spent in the dark zone (main effect of stress, F (1,45) ϭ 11.55, p Ͻ 0.002). Moreover, pretreatment of mice with propranolol reduced anxiety-like behavior with increased time to enter the dark zone (main effect of propranolol, F (1,45) ϭ 5.39, p Ͻ 0.03) (Fig.  2 B) and decreased the total time spent in the dark zone (main effect of propranolol, F (1,45) ϭ 7.26, p Ͻ 0.002) (Fig. 2C) . It is important to note that propranolol treatment alone tended to reduce baseline anxiety in HCC mice (p ϭ 0.10).
Along with promoting anxiety-like behavior, repeated social defeat increases spleen weight (i.e., splenomegaly) (Avitsur et al., 2003) , plasma levels of IL-6 , and corticosterone levels . These changes were used to gauge the robustness of the response to repeated social defeat. Corticosterone was significantly increased after each cycle of social defeat; however, levels of corticosterone returned to baseline 14 h after the sixth cycle of social defeat (data not shown). Therefore, spleen weight and plasma IL-6 levels were determined 14 h after the sixth cycle of social defeat. As expected, social defeat increased spleen weight (main effect of stress, F (1,56) ϭ 9.74, p Ͻ 0.003) (Fig. 2 D) , and this increase was blocked by propranolol pretreatment (stress ϫ propranolol interaction, F (1,56) ϭ 7.24, p Ͻ 0.01). Figure 2 E shows a similar interaction between stress and propranolol on IL-6 levels. Plasma IL-6 was increased after repeated social defeat (main effect of stress, F (1,35) ϭ 7.72, p Ͻ 0.01) and was prevented by propranolol pretreatment (stress ϫ propranolol interaction, F (1,35) ϭ 9.53 p Ͻ 0.005). Together, these data indicate that propranolol pretreatment blocked the repeated social defeat-induced splenomegaly, reduced the increased plasma levels of IL-6, and returned anxiety-like behavior back to baseline in C57BL/6 mice.
Repeated social defeat increased the percentage of CD11b
؉ / CD45 high /Ly6C high macrophages in the CNS Previous studies demonstrate that repeated social defeat markedly altered the phenotype of myeloid-derived CD11b ϩ cells (e.g., macrophages, dendritic cells, and neutrophils) in the periphery Powell et al., 2009; Curry et al., 2010) and increased their propensity to traffic from the bone marrow to the spleen and lungs (Engler et al., 2004; Kinsey et al., 2008; Curry et al., 2010) . Therefore, we next sought to determine the degree to which CD11b ϩ cells of the CNS were altered by repeated social defeat. In these experiments, mice received vehicle or propranolol before each cycle of social defeat. Fourteen hours after the final cycle of social defeat, microglia and macrophages were collected by Percoll density gradient. Figure 3A shows representative bivariate dot plots of CD11b and CD45 staining for each experimental condition; microglia (CD11b ϩ /CD45 low ) and macrophages (CD11b ϩ /CD45 high ) were differentiated based on CD45 expression (Nair et al., 2007) . Figure 3B shows that the percentage of macrophages was increased after repeated social defeat (main effect of stress, F (1,80) ϭ 31.10, p Ͻ 0.0001). For example, the approximate percentage of macrophages was increased from 2.44% in HCC-vehicle mice to 7.36% in social disruption stress (SDR)-vehicle mice ( Fig. 3 A, B) . Moreover, the increase in macrophages after repeated social defeat was ablated by propranolol pretreatment (stress ϫ propranolol interaction, F (1,80) ϭ 7.37, p Ͻ 0.008).
Because trafficking of macrophages to the CNS is associated with increased expression of Ly6C (Mildner et al., 2007) , Ly6C levels were determined after repeated social defeat. Figure 3C shows representative bivariate dot plots of Ly6C and CD45 staining. The percentage of Ly6C high macrophages was markedly increased in SDR-vehicle mice compared with all other treatment groups (p Ͻ 0.02) (Fig. 3D) . In addition, propranolol pretreatment blocked the increased percentage of Ly6C high macrophages in the CNS after repeated social defeat (main effect of propranolol, F (1,26) ϭ 10.21, p Ͻ 0.004) (Fig. 3D) . It is important to note that repeated social defeat did not increase Ly6C expression on microglia (Fig. 3C) .
To ensure that the increased macrophage population of the CNS was not confounded by the presence of CD11b ϩ monocytes circulating in the vasculature of the CNS, a subset of mice were subjected to repeated social defeat and transcardially perfused with sterile PBS 14 h after the sixth cycle of social defeat. Microglia and macrophages were collected for flow cytometric analysis. Figure 3E shows that repeated social defeat increased the percentage of macrophages in the CNS and this increase was unaffected by perfusion (main effect of stress, F (1,15) ϭ 19.01, p Ͻ 0.0006; effect of perfusion, F (1,18) ϭ 1.05, p Ͻ 0.33). Together, these data indicate that repeated social defeat increased the percentage of Ly6C high macrophages that traffic to the CNS.
Increased protein expression of inflammatory markers on the surface of microglia and CNS macrophages after repeated social defeat
To further characterize the profile of microglia (CD45 low ) and CNS macrophages (CD45 high ) after repeated social defeat, these cells were analyzed for several inflammatory-related surface markers. Surface expression of two markers associated with innate immunity, CD14 and toll-like receptor 4 (TLR4), and two markers associated with antigen presentation, major histocompatibility complex (MHC)-II and CD86, were determined 14 h after the sixth cycle of social defeat. Figure 4 A shows representative bivariate dot plots of CD11b and CD14 staining for microglia and macrophages. Figure 4 , B-D, shows that repeated social defeat increased the percentage of CD14 ϩ (F (1,17) ϭ 29.56, p Ͻ 0.0001) (Fig. 4 B) , TLR4 ϩ (F (1,17) ϭ 33.83, p Ͻ 0.001) (Fig. 4C) , and CD86 ϩ (F (1,16) ϭ 26.32, p Ͻ 0.0001) (Fig. 4 D) microglia. Moreover, repeated social defeat also enhanced the percentage of CD14 ϩ (F (1,16) ϭ 22.98, p Ͻ 0.0002) (Fig. 4 B) and CD86 ϩ (F (1,16) ϭ 15.77, p Ͻ 0.002) (Fig.  4 D) macrophages. TLR4 expression, however, was not significantly enhanced on macrophages after repeated social defeat (Fig.  4C) . Furthermore, repeated social defeat did not affect MHC-II expression on either microglia or macrophages (Fig. 4 E) . These data indicate that repeated social defeat increases the inflammatory profile of microglia and CNS macrophages.
In a related experiment, mice were pretreated with vehicle or propranolol and then subjected to six cycles of social defeat. Cellsurface expression of CD14 was determined on microglia. Representative bivariate dot plots of CD11b/CD14 staining are shown in Figure 4 F. Consistent with the above experiment (Fig.  3B) , repeated social defeat increased the percentage of CD14 ϩ microglia (main effect of stress, F (1,44) ϭ 5.20, p Ͻ 0.03). This stress-induced increase in CD14 surface expression was blocked by pretreatment with propranolol (stress ϫ propranolol interaction, F (1,44) ϭ 4.29, p Ͻ 0.05) (Fig. 4G) . These data indicate that repeated social defeat-induced changes in inflammatory protein expression are mediated, in part, by ␤-adrenergic pathways.
Activated microglial morphology induced by repeated social defeat was prevented by propranolol
Because several markers of inflammation were detected on the surface of microglia after repeated social defeat (Fig. 4) , alterations in microglia morphology using anti-Iba-1 antibody was determined in the PFC, MeA, PVN, and HPC. Iba-1 is used to differentiate morphological changes associated with microglial activation (Imai and Kohsaka, 2002) . Figure 5A , i and ii, shows representative fluorescent staining for Iba-1 in the MeA of HCC and SDR mice, respectively. These images illustrate that microglia from HCC mice have long and thin processes (i.e., ramified), but microglia from socially defeated mice exhibit hypertrophy with shorter and thicker processes (i.e., deramified). To quantify these differences, DIA for Iba-1 staining was determined (Donnelly et al., 2009 ). The results from the DIA (Fig. 5B-E) confirmed that microglia from socially defeated mice had an increased proportional area compared with microglia from control mice (main effect of stress, F (1,52) ϭ 15.52, p Ͻ 0.0003). Post hoc analysis revealed that repeated social defeat significantly increased the proportional area of microglia in all brain areas examined including the MeA (p Ͻ 0.01) (Fig. 5B) , PFC (p Ͻ 0.04) (Fig. 5C ), HPC (p Ͻ 0.0002) (Fig. 5D) , and PVN (p Ͻ 0.0001) (Fig. 5E) . Moreover, representative images indicate that the increase in activated microglia after repeated social defeat was blocked by propranolol pretreatment in the MeA (Fig. 5Aiii,iv) . DIA confirmed that propranolol pretreatment prevented the stress-induced increase in proportional area of microglia (stress ϫ propranolol interaction, F (1,52) ϭ 11.83, p Ͻ 0.002) in the PFC, MeA, and HPC. In the PVN, however, the stress-induced increase in proportional area of Iba-1 staining was unaffected by propranolol pretreatment (Fig. 5E) . Together, these data indicate that repeated social defeat caused morphological changes in activated microglia within the MeA, PFC, and HPC, and this was blocked by propranolol.
Repeated social defeat increased IL-1␤
and decreased GILZ and FKBP51 mRNA levels in enriched microglia cultures Because CD11b ϩ cells in the periphery are GC-resistant and produce higher levels of inflammatory cytokines after repeated social defeat Bailey et al., 2009; Powell et al., 2009) , the next experiment examined gene expression of IL-1␤, glucocorticoid receptor (GR), and two genes containing glucocorticoid responsive elements (GILZ and FKBP51) in enriched microglia (Fig. 3A) . Table 1 shows that repeated social defeat increased IL-1␤ mR⌵〈 levels in enriched microglia (main effect of stress, F (1,23) ϭ 4.50, p Ͻ 0.05). Although GR mRNA expression was unaffected following repeated social defeat, the mRNA levels of GILZ (main effect of stress, F (1,28) ϭ 19.83, p Ͻ 0.0001) and FKBP51 (main effect of stress, F (1,26) ϭ 8.84, p Ͻ 0.007) were significantly decreased by repeated social defeat. Moreover, propranolol pretreatment blocked the repeated social defeat-induced increase in IL-1␤ (p Ͻ 0.04) and reduction in GILZ (p Ͻ 0.006) and FKBP51 (p Ͻ 0.0007). Furthermore, ␤-adrenergic receptor antagonism enhanced Figure 4 . Increased surface expression of inflammatory markers on microglia and CNS macrophages after repeated social defeat. Male C57BL/6 mice were subjected to six cycles of SDR. Brains were collected 14 h after the sixth cycle of social defeat, CD11b ϩ cells were enriched by Percoll gradient separation, and CD11b, CD45, CD14, TLR4, and CD86 expression levels were determined. Cells were gated on microglia (CD45 low ) or macrophages (CD45 high ). A, Representative bivariate dot plots are shown for CD11b/CD14. B-E, Average percentages of positive cells for CD14 (B), TLR4 (C), CD86 (D), and MHC-II (E) are shown. Bars represent the mean Ϯ SEM (n ϭ 9). Asterisks indicate HCC and SDR within cell types are significantly different (p Ͻ 0.05) from each other. In a separate but related study, male C57BL/6 mice were injected subcutaneously with vehicle or propranolol (10 mg/kg) before each of the six cycles of social defeat. Brains were collected 14 h after the sixth cycle of social defeat and CD11b, CD45, and CD14 levels were determine as above. mRNA levels of FKBP51 in mice subjected to repeated social defeat. These data indicate that repeated social defeat increased IL-1␤ mRNA and decreased mRNA for two GC-responsive genes in enriched microglia, whereas blockade of ␤-adrenergic receptor stimulation restored IL-1␤ levels to baseline and enhanced FKBP51 levels.
Repeated social defeat increased IL-6, TNF-␣, and MCP-1 protein levels in supernatants of enriched microglia cultures Based on the protein, morphological, and mRNA data, the objective of the next study was to determine the functional consequence of the increased inflammatory profile of microglia after repeated social defeat. To address this issue, ex vivo cultures of enriched microglia were established from HCC and SDR mice. Cells were plated at 1 ϫ 10 5 cells per well in a 96-well culture plate in growth media and were treated with 0.40 g/ml LPS in the presence and absence of corticosterone. Supernatants were collected and levels of IL-6, TNF-␣, IL-12p70, IL-10, IFN-␥, and MCP-1 protein were determined by CBA. IFN-␥ and IL-12 were not increased by LPS in HCC-or SDR-derived cultures of enriched microglia (data not shown). Figure 6 shows that treatment with LPS induced higher production of IL-6, TNF-␣, and MCP-1 in cultures from socially defeated mice compared with cultures established from HCC mice (main effects of stress: IL-6, F (1,7) ϭ 25.35 p Ͻ 0.005; TNF-␣, F (1,7) ϭ 2.83 p ϭ 0.14; MCP-1, F (1,7) ϭ 21.88 p Ͻ 0.005). A similar response to LPS was detected for IL-10 (data not shown). Moreover, glucocorticoids lowered the cytokine production in a dose-dependent manner (IL-6, F (1,23) ϭ 14.22 p Ͻ 0.001; TNF-␣, F (1,23) ϭ 12.80 p Ͻ 0.001; MCP-1, F (1,23) ϭ 58.09 p Ͻ 0.001), but this reduction was independent of repeated social defeat. Collectively, these data indicate enriched microglia isolated from socially defeated mice produced significantly higher levels of IL-6, TNF-␣, and MCP-1 after LPS compared with enriched microglia obtained from HCC mice.
Repeated social defeat enhanced c-Fos activation in IL-1r1
؊/؊ mice but did not promote anxiety-like behavior or microglial activation Social defeat increased the inflammatory profile of microglia and increased mRNA levels of IL-1␤. Thus, the extent to which social defeat induced c-Fos activation, anxiety-like behavior, and microglia activation was determined in IL-1r1 Ϫ/Ϫ mice. Representative images of c-Fos staining from the MeA of IL-1r1 Ϫ/Ϫ mice are shown in Figure 7A . Similar to the results obtained in wild type (WT) mice (Fig. 1C,D) , repeated social defeat enhanced c-Fos staining in the MeA of IL-1r1 Ϫ/Ϫ mice compared with IL-1r1 Ϫ/Ϫ -HCC mice (main effect of stress, F (1,10) ϭ 14.52, p Ͻ 0.004). A similar pattern of c-Fos activation was detected in other brain regions (data not shown). In the light/dark preference test, WT mice subjected to repeated social defeat decreased time to enter the dark zone (p Ͻ 0.005) (Fig. 7C ) and increased time spent in the dark zone (p Ͻ 0.01) (Fig. 7D) . The effect of repeated social defeat, however, was dependent on expression of functional Ϫ/Ϫ -HCC mice had higher baseline anxiety-like behavior than WT-HCC mice. These baseline behavioral differences in IL1r1 Ϫ/Ϫ mice, however, were unaffected by repeated social defeat.
To determine the level of microglia activation, Iba-1 staining was performed in the MeA. Figure 7E shows representative staining for Iba-1 in the MeA of WT-HCC, WT-SDR, and IL-1r1
Results from the DIA indicate that microglia from WT-SDR mice showed increased proportional area in the MeA compared with microglia from control mice (stress ϫ genotype interaction, F (1,11) ϭ 46.77, p Ͻ 0.0001). These changes in proportional area of microglia were not detected in socially defeated IL-1r1 Ϫ/Ϫ mice. Together, these data indicate that, although repeated social defeat increased c-Fos activation in the brain, it did not induce anxiety-like behavior or microglial activation in IL-1r1 Ϫ/Ϫ mice.
Discussion
Repeated social defeat significantly alters peripheral immune responses and induces prolonged anxiety-like behavior Engler et al., 2004; Berton et al., 2006; Kinsey et al., 2007; Krishnan et al., 2007; Bailey et al., 2009; Powell et al., 2009; Curry et al., 2010; Mays et al., 2010) . We show that anxiety-like behavior induced by social defeat coincides with a unique pattern of c-Fos activation in brain regions associated with fear and threat appraisal. Moreover, stress-induced anxiety-like behavior and c-Fos activation were prevented by propranolol pretreatment (Figs. 1, 2) . Social defeat also increased the number of Ly6C high macrophages in the CNS (Fig. 3) and increased the inflammatory profile of microglia/macrophages (Figs. 4, 5; Table 1 ). The stressinduced inflammatory changes in microglia/macrophages were blocked by propranolol. One functional consequence of the increased inflammatory profile of enriched microglia was exaggerated cytokine production following ex vivo stimulation with LPS (Fig. 6 B) . Last, repeated social defeat increased c-Fos activation in the medial amygdala of IL-1r1 Ϫ/Ϫ mice, but did not promote anxiety-like behavior or microglial activation in mice lacking functional IL-1 receptor type-1.
The finding that repeated social defeat increased anxiety-like behavior (Fig. 2) is consistent with previous studies of social defeat (Berton et al., 2006; Kinsey et al., 2007; Krishnan et al., 2007) . Our findings indicate that c-Fos expression was increased in the brain after one exposure to social defeat and activation was either maintained or enhanced with repeated cycles (Fig. 1) . The regions that were activated after social defeat are integrated in catecholaminergic pathways and implicated in fear and threat appraisal (Samuels and Szabadi, 2008; Roozendaal et al., 2009; Ulrich-Lai and Herman, 2009 ). Other studies of social defeat in rodents show c-Fos activation in similar brain regions (Martinez et al., 2002) . Although exposure to one cycle of social defeat was sufficient to induce c-Fos activation, it is likely that repeated cycles of defeat are required to promote prolonged anxiety-like behavior that is detectable 8 d after the cessation of the stressor (Kinsey et al., 2007) . For example, three social defeat cycles are required to establish longer-lasting immunological changes associated with the stressor . Our current studies extend these previous findings and indicate that pretreatment with propranolol blocks the induction of c-Fos expression and anxiety-like behavior caused by repeated social defeat (Figs. 1, 2) . Although the induction of c-Fos was dependent on activation of ␤-adrenergic receptors, it did not depend on the presence of functional IL-1 receptor type-1 (Fig. 7A) . It is important to mention that an acute injection of propranolol after six cycles of social defeat did not attenuate any of the physiological or behavioral responses to the stressor (data not shown). Therefore, these collective data indicate that activation of ␤-adrenergic receptors play an active role in the initial interpretation of threat and fear signals and the induction of anxiety-like behavior following repeated social defeat.
Social defeat increases the egress of myeloid cells from the bone marrow and trafficking of these cells to the spleen and lung (Engler et al., 2004; Curry et al., 2010) . Here we provide novel data that repeated social defeat significantly increased the percentage of Ly6C high macrophages that trafficked to the CNS (Fig.  3) . The presence of these macrophages after social defeat was unaffected by transcardial perfusion (Fig. 3E) , which suggests that these macrophages are present in either the perivascular space or parenchyma. Because Ly6C high macrophages have a propensity to traffic to inflamed tissue (Mildner et al., 2007; King et al., 2009) , the presence of these cells in the brain supports our conclusion that repeated social defeat enhances neuroinflammation.
Repeated social defeat also enhanced the inflammatory profile of microglia and CNS macrophages. For example, CD14 and TLR4, innate immune markers responsible for recognizing LPS, were enhanced on the surface of microglia (Fig. 4 A, B) . CD14 was also increased on CNS macrophages (Fig. 4 A) . Moreover, CD86, a costimulatory molecule necessary for antigen presentation, was enhanced on microglia and CNS macrophages after social defeat (Fig. 4 D) . In addition, there was an increased presence of deramified microglia in all brain regions examined (Fig. 5) and microglial IL-1␤ mRNA was increased after repeated social defeat (Fig.  6) . The stress-induced changes in inflammatory markers, morphology, and mRNA indicate that repeated social defeat primes microglia and CNS macrophages.
Primed or reactive microglia are increased with aging (Godbout et al., 2005) , early life infection (Bilbo et al., 2005 (Bilbo et al., , 2008 , neurodegenerative disease (Cunningham et al., 2005) , and autoimmunity (Raivich and Banati, 2004) . Increased microglial priming is associated with an exaggerated inflammatory response in the brain after an immune stimulus. For instance, primed microglia from aged or prion-infected mice produce exaggerated levels of inflammatory cytokines, including IL-1␤, after LPS stimulation (Cunningham et duced by LPS or glucocorticoid-induced apoptosis of microglia (data not shown). Nonetheless, the mRNA profile of microglia from socially defeated mice point to a reduction of in vivo glucocorticoid responsiveness. For instance, repeated social defeat decreased mRNA levels in microglia of two GC-responsive genes, GILZ and FKBP51, and propranolol pretreatment prevented the downregulation of these genes in socially defeated mice (Table 1) . Thus, these mRNA data indicate that social defeat may cause microglia to become less sensitive to the anti-inflammatory effects of glucocorticoids.
In conclusion, this work demonstrates that repeated social defeat caused anxiety-like behavior and enhanced the inflammatory state on the CNS in a ␤-adrenergic-and IL-1 receptordependent manner. Moreover, repeated social defeat primed microglia and CNS macrophages and increased their reactivity to subsequent inflammatory stimuli. These findings are relevant because they begin to establish a mechanism by which social stress increases the proinflammatory state of the CNS and promotes behavioral-related complications.
